The influence of ultrasonic nanocrystal surface modification (UNSM) on the fatigue fracture characteristics of Ti6Al4V was investigated. Two groups of specimens were separated due to different heat treatment conditions. Group one was stress-relief annealed at 650 • C, and group two was then treated with solid solution-aging. UNSM with the conditions of a static load of 25 N, vibration amplitude of 30 µm, and 36,000 strikes per unit produced about 40 µm surface severe plastic deformation (SPD) layers on both groups of specimens. UNSM improved the microhardness and the compressive residual stress. UNSM also helped achieve a neat surface, almost without changing the surface roughness. The fatigue strengths of these two groups were improved by 7% and 11.7%, respectively. After UNSM, fatigue cracks mainly initiated from the surface of the specimen before the fatigue life of 10 6 cycles, while they appeared at the internal compress deformed α-phase at the zone between the SPD layer and the core after the fatigue life of 106 cycles. The cracks usually extended along the deformation overflow bands and the process traces on the surface. Through the change of micro-dimples in the fatigue final rupture region, nanocrystals were achieved in the SPD layer. The crystal slip and the surface remodeling together influenced the energy field of crack evolution.
Introduction
In engineering applications, cracks usually initiate from the surface and subsurface of materials. Most failures are sensitive to the microstructures of the surface. Optimizing the surface and subsurface condition is expected to enhance the overall performance of the materials. Surface nanocrystal modification by mechanical process transforms the coarse grains of a bulk material into nanosized grains by surface severe plastic deformation (SPD). The grain size changes gradually to a certain depth according to the technological parameters [1] . Surface mechanical attrition treatment, ultrasonic shot peening, laser shock peening, ultrasonic surface rolling processing, ultrasonic cold forging technology, et al. are feasible mechanical processes. These technologies have been shown to improve the mechanical properties without changing the chemical composition of materials, such as fatigue performance [2] [3] [4] , fretting properties [5] , corrosion behavior [6, 7] , tensile strength [8] , wear resistance [9] , and so on. In the above references, both the grain refining and the high compressive residual stress are considered the reasons for the improvement of fracture toughness.
Forming a nanostructured surface layer from coarse-grain polycrystals involves the generation of dislocations, twinning, and development of grain boundaries with high angle misorientation [1] . Plastic deformation behavior and dislocation in metals and alloys depends strongly on the lattice structure and the stacking fault energy (SFE). Lu et al. have studied the grain refinement mechanisms of steel, copper, pure titanium, and so on [10] .
In view of the high strength-to-weight ratio and excellent corrosion resistance, titanium alloys has been widely used in space engineering and biomedical engineering. However, a high friction coefficient, poor wear resistance, and low hardness limit its application [11] . Shot peening is an efficient technology to prevent crack initiation and propagation, because it can induce compressive residual stress and strain-hardening [2] . For some aerospace components, it is a standard finishing process. Nevertheless, the rising of surface distortion and roughness is detrimental to fatigue. Based on this technology, laser shot peening, ultrasonic shot peening, and wet shot peening are developed [12] [13] [14] . Srinivasan et al. [15] and Tsuji et al. [16] respectively studied the effects of shot peening on the fatigue behavior of Ti-based alloys; the enhancement of fatigue strength is ignorable by unsaturated impact. To improve the fatigue strength of titanium alloy, other surface nanocrystal modification methods shall be tried. In comparison with other surface treatments, ultrasonic nanocrystal surface modification (UNSM) produces the best hardness, and good surface roughness. It is therefore worth investigating the mechanicals properties of titanium alloys that are subjected to UNSM.
The fatigue behavior of titanium alloys in the very high cycle fatigue (VHCF) regime has drawn great attention in recent years. Ti6Al4V (TC4) is one of the most widely used titanium alloys. Though the high cycle fatigue (HCF) and the VHCF behaviors of TC4 were investigated in previous papers [17] [18] [19] , the reason for crack initiation from the surface or from both the surface and the interior at a stress ratio R = −1 is not clear. Liu et al. studied the influences of stress ratio on fatigue crack initiation and propagation [20] , and all the specimens failed from the surface at R = −1.
In the present work, a nanostructured surface layer was prepared by means of UNSM on TC4, which was processed with two different heat treatments. The microhardness, surface roughness, and residual stress were measured. The effect of UNSM on the axial symmetric tension-compression fatigue behavior of TC4 was also investigated. The energy field of crack evolution was analyzed. The fatigue fracture characteristics of TC4 subjected to UNSM were discussed.
Experimental Procedures
The test specimen in this investigation was a Ti6Al4V shaft with the following chemical composition (mass %): C-0.007~0.01, Fe-0.017~0.02, N-0.007~0.009, O-0.190~0.195, H-0.001, Al-6.408~6.411, V-4.403~4.406, and balance Ti. The dimensions of the fatigue sample are illustrated in Figure 1 . All of the specimens are stress-relief annealed (SRA) at 650 • C for 4 h after machining, and then half of them are treated with solid solution-aging (SSA, 980 • C/1 h + water quenching and 580 • C/8 h + furnace cooling). They are polished using sandpaper from grade 120 to grade 1500 before UNSM.
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The test specimen in this investigation was a Ti6Al4V shaft with the following chemical composition UNSM is an international patent owned by Sun-Moon University. It is expounded by Suh et al. [21] . The ultrasonic strikes cause severe plastic deformation to the surface and induce nanocrystals. The static load applied on the specimen was 25 N, and the vibration amplitude was 30 μm. The sum UNSM is an international patent owned by Sun-Moon University. It is expounded by Suh et al. [21] . The ultrasonic strikes cause severe plastic deformation to the surface and induce nanocrystals. The static load applied on the specimen was 25 N, and the vibration amplitude was 30 µm. The sum of the static load and the sinusoidal function of the dynamic load is the total load acting on the specimen. In this paper, it is stricken for 36,000 times per square millimeter.
Observation of the cross-sectional was performed with an optical microscope (CMM-20E, Changfang, Chengdu, China) and a scanning electron microscopy (SEM, S-3400N, Hitachi, Nantong, China). The samples were finally etched in Kroll's reagent (HNO 3 :HF:H 2 O = 3:6:90, Vol %) at room temperature.
The microhardness was measured by a Vickers hardness tester (MMT-7, Matsuzawa, Tokushima, Japan) with a load of 50 g and a duration of 20 s. The surface topography after UNSM was scanned using an Asylum Research MFP-3D atomic force microscope (AFM, FSM-Precision, Chongqing, China). X-ray diffraction (XRD) was used to measure the residual stress using Rigaku X'pert pro MPD (Chengdu, China). The Cu Kα radiation (λ = 1.54184 Å) was chosen, and the diffraction lattice plane (213) was examined within a range 2θ of 136~146 • . The XRD patterns were investigated within a range 2θ of 30~80 • by the same machine.
To investigate the influences of the ultrasonic surface impacts on the fatigue fracture behavior of TC4, symmetric tension-compression fatigue tests (R = −1) on the four groups of samples (SRA, SSA, SRA-UNSM, SSA-UNSM, Table 1 ) were conducted using a piezoelectric ultrasonic fatigue test machine (USF-2000, Shimadzu, Chengdu, China). The frequency of fatigue testing was 20 kHz. The fracture surfaces were examined by SEM (JEOL JSM-6510LV, Chengdu, China). 
Results and Discussion

Observation of the Severe Plastic Deformation Layer
By means of transmission electron microscope, the variations of grain size and the microstructures of the SPD layer have been reported widely [1, 2] . There is consensus that nanocrystals can be obtained in these SPD layers. It is well known that the mechanical properties of TC4 depend on the percentage, size, and shape of the α-phase. The solid solution-aging treatment produces bimodal microstructures consisting of equiaxed α grains and a lamellar structure for TC4, and it releases the continuous α-phase [20] . It can be concluded that the strength of SSA is increased, while its plasticity is decreased ( Table 2 ). The hexagonal close packed (hcp) α-phase has a high SFE-more than 300 mJ/m 2 -and the body-centered cubic (bcc) β-phase theoretically has 12 slip directions. The mechanism of grain refining in TC4 is mainly dislocation motion. Besides, due to the low symmetry of the hexagonal, twinning is also found in α-titanium [22] . The microstructures are shown in Figure 2 . It can be concluded that nearly the same depth (40 µm) of SPD layers were achieved on both SRA (equiaxed structure) and SSA (duplex structure) specimens. The XRD patterns of these four groups of TC4 specimens are compared in Figure 3 . It can be seen that the β-phase transition actually occurs with the solid solution aging heat treatment. By means of UNSM, the intensity of characteristic peak α (101) is strengthened. The ultrasonic surface impact does not induce the phase change, as it is observed in stainless steel [23] . Taking the full width at half maximum (FWHM), the average grain size of the SPD layer can be calculated by the equation given by Scherrer and Wilson [24] . It is less than 100 nm. The XRD patterns of these four groups of TC4 specimens are compared in Figure 3 . It can be seen that the β-phase transition actually occurs with the solid solution aging heat treatment. By means of UNSM, the intensity of characteristic peak α (101) is strengthened. The ultrasonic surface impact does not induce the phase change, as it is observed in stainless steel [23] . Taking the full width at half maximum (FWHM), the average grain size of the SPD layer can be calculated by the equation given by Scherrer and Wilson [24] . It is less than 100 nm. The XRD patterns of these four groups of TC4 specimens are compared in Figure 3 . It can be seen that the β-phase transition actually occurs with the solid solution aging heat treatment. By means of UNSM, the intensity of characteristic peak α (101) is strengthened. The ultrasonic surface impact does not induce the phase change, as it is observed in stainless steel [23] . Taking the full width at half maximum (FWHM), the average grain size of the SPD layer can be calculated by the equation given by Scherrer and Wilson [24] . It is less than 100 nm. 
Hardness and Residual Stress Distrubutions
The micro-Vickers hardness and surface residual stress along the depth were measured, as depicted in Figure 4 . The microhardness of the SRA TC4 specimen is about 310 HV, and it is about 340 HV to SSA. The values of SRA-UNSM and SSA-UNSM are 380 HV (approximately 22% improved), and 395 HV (about 16% improved), respectively. The microhardness of the specimen with UNSM rapidly decreases from the surface to the depth of 120 µm, and then decreases more gradually. The Hall-Petch theory illustrates that the hardness and the yield stress relate to the grain size [25] . This is also discussed in the other reports [26] . When the dislocation multiplication rate is balanced, the increase in strain will not reduce the subgrain size any further. For example, Suh et al. reported that the maximum surface hardness wasn't improved even the parameters of UNSM are increased higher [27] . 
The micro-Vickers hardness and surface residual stress along the depth were measured, as depicted in Figure 4 . The microhardness of the SRA TC4 specimen is about 310 HV, and it is about 340 HV to SSA. The values of SRA-UNSM and SSA-UNSM are 380 HV (approximately 22% improved), and 395 HV (about 16% improved), respectively. The microhardness of the specimen with UNSM rapidly decreases from the surface to the depth of 120 μm, and then decreases more gradually. The Hall-Petch theory illustrates that the hardness and the yield stress relate to the grain size [25] . This is also discussed in the other reports [26] . When the dislocation multiplication rate is balanced, the increase in strain will not reduce the subgrain size any further. For example, Suh et al. reported that the maximum surface hardness wasn't improved even the parameters of UNSM are increased higher [27] . The surface residual stress of SRA is −19 MPa, while it is 30 MPa after solid solution-aging. It is obvious that UNSM induces compressive residual stress at the surface of TC4. The values of the compressive residual stress are 520 MPa to SRA-UNSM, and 544 MPa to SSA-UNSM. Compressive residual stress is the most important factor for increasing the fatigue resistance. The high compressive residual stress remains until a depth of 80 µm, and then it rapidly decrease to a depth of 200 µm. It affects the position and the shape of inner crack initiation, which shall be discussed in the ensuing paragraphs. Table 3 lists the surface roughness of TC4 before and after UNSM. Comparing with the Ra of the turned specimen (2.16 µm), the increase of roughness due to UNSM is negligible. Surfaces shall maintain good surface roughness after UNSM. The surface feature of TC4 is shown in Figure 5 . From the three-dimensional (3-D) AFM image, it is concluded that the grain deformation of TC4 shapes a regular surface with homogeneous microvoids. These microvoids improve the superficial area, and they are beneficial to cell adhension. The maximum altitude difference is controlled to several hundreds of nanometers. Comparing with other surface treatment technologies, the surface of the UNSMed specimen is controllable. The surface morphology plays an important role in the wear and corrosion resistance [28, 29] . Thus, it is necessary to search for an optimal arameter combination. The surface residual stress of SRA is −19 MPa, while it is 30 MPa after solid solution-aging. It is obvious that UNSM induces compressive residual stress at the surface of TC4. The values of the compressive residual stress are 520 MPa to SRA-UNSM, and 544 MPa to SSA-UNSM. Compressive residual stress is the most important factor for increasing the fatigue resistance. The high compressive residual stress remains until a depth of 80 μm, and then it rapidly decrease to a depth of 200 μm. It affects the position and the shape of inner crack initiation, which shall be discussed in the ensuing paragraphs. Table 3 lists the surface roughness of TC4 before and after UNSM. Comparing with the Ra of the turned specimen (2.16 μm), the increase of roughness due to UNSM is negligible. Surfaces shall maintain good surface roughness after UNSM. The surface feature of TC4 is shown in Figure 5 . From the three-dimensional (3-D) AFM image, it is concluded that the grain deformation of TC4 shapes a regular surface with homogeneous microvoids. These microvoids improve the superficial area, and they are beneficial to cell adhension. The maximum altitude difference is controlled to several hundreds of nanometers. Comparing with other surface treatment technologies, the surface of the UNSMed specimen is controllable. The surface morphology plays an important role in the wear and corrosion resistance [28, 29] . Thus, it is necessary to search for an optimal arameter combination. 
Surface Topography
Fatigue Fracture Characteristics
The fatigue characteristics of TC4 subjected to UNSM are shown in Figure 6 . Specimens that did not encounter failure are shown as run-outs. Fish-eye-type cracks are marked with short vertical bars. Inner cracks are observed on the specimens with UNSM, while the fatigue lives are more than 10 6 cycles. In contrast, all of the un-UNSMed specimens show the surface cracks, no matter the fatigue life. From the S-N curves, it is evident that UNSM improves the 10 8 cycles fatigue strength of 
The fatigue characteristics of TC4 subjected to UNSM are shown in Figure 6 . Specimens that did not encounter failure are shown as run-outs. Fish-eye-type cracks are marked with short vertical bars.
Inner cracks are observed on the specimens with UNSM, while the fatigue lives are more than 10 6 cycles. In contrast, all of the un-UNSMed specimens show the surface cracks, no matter the fatigue life. From the S-N curves, it is evident that UNSM improves the 10 8 cycles fatigue strength of TC4. The fatigue strength of SRA-UNSM is increased by 7.0%, while that of SSA-UNSM is increased by 11.7%. Figure 7 shows the SEM micrographs of the fatigue fracture surfaces. The crack initiation mechanism of axial symmetric tension-compression fatigue is different from that of rotating bending fatigue. All of the cracks initiate from the surface of S45C specimens after UNSM, which are subjected to rotating bending fatigue [30] . A nano-structured layer is achieved on the surface of the surface self-nanocrystallized (SSN) specimen. Underneath is a refined structured layer consisting of submicrometer-sized crystallites, or cells separated by either grain boundaries or subboundaries, up to about 100 μm [1] . Deformed coarse grains are in deeper layers, to a certain depth. Noticeably, the cores of inner cracks are at the zone with a depth of about 100~250 μm, where the compressed residual stress and hardness are far below that of the surface. Plasticity and tenacity are weaker in this zone, too. High light white areas appear in the crack core. Their shapes are long and narrow because of the ultrasonic impacts on the surface. EDX (Energy-Dispersive X-ray spectroscopy) results show that they are not typical inclusions, and these high light white areas are nonexistant in un-UNSMed specimens [31] [32] [33] . An interior crack core of TC4 without severe surface plastic deformation has a circular or elliptical rough area [20] . There are a few white bands from the crack core to the boundary between the crack initiation area and the crack propagation area, and some go across to the nearest edge. These high light white area and white bands are compress deformed α-phases, which are easier for the propagation of microcracks in the crack initiation area. Surface cracks are also investigated at high stress level because of the surface blemish. Figure 7 shows the SEM micrographs of the fatigue fracture surfaces. The crack initiation mechanism of axial symmetric tension-compression fatigue is different from that of rotating bending fatigue. All of the cracks initiate from the surface of S45C specimens after UNSM, which are subjected to rotating bending fatigue [30] . A nano-structured layer is achieved on the surface of the surface self-nanocrystallized (SSN) specimen. Underneath is a refined structured layer consisting of submicrometer-sized crystallites, or cells separated by either grain boundaries or subboundaries, up to about 100 µm [1] . Deformed coarse grains are in deeper layers, to a certain depth. Noticeably, the cores of inner cracks are at the zone with a depth of about 100~250 µm, where the compressed residual stress and hardness are far below that of the surface. Plasticity and tenacity are weaker in this zone, too. High light white areas appear in the crack core. Their shapes are long and narrow because of the ultrasonic impacts on the surface. EDX (Energy-Dispersive X-ray spectroscopy) results show that they are not typical inclusions, and these high light white areas are nonexistant in un-UNSMed specimens [31] [32] [33] . An interior crack core of TC4 without severe surface plastic deformation has a circular or elliptical rough area [20] . There are a few white bands from the crack core to the boundary between the crack initiation area and the crack propagation area, and some go across to the nearest edge. These high light white area and white bands are compress deformed α-phases, which are easier for the propagation of microcracks in the crack initiation area. Surface cracks are also investigated at high stress level because of the surface blemish. Figure 8 is the observation of the surface crack propogation. On the surface of UNSMed TC4 after axial symmetric tension-compression fatigue, there are some deformation overflow bands that are parallel to the process traces. The distance between the bands is about 260 μm. However, the deformation overflow bands cannot be distinguished in optical micrographs. They might be induced more clearly because of the crack slip during the fatigue test. The surface cracks preferentially extend along them, and microcracks easily split in the local zone. The steps of crack propagation are observed, because cracks change lanes to the process traces sometimes through the discontinuous longitudinal microcracks. They were also investigated by Suh [27] . This means that the energy field of crack evolution depends on both the deformed crystal slip and the surface remodeling. Figure 8 is the observation of the surface crack propogation. On the surface of UNSMed TC4 after axial symmetric tension-compression fatigue, there are some deformation overflow bands that are parallel to the process traces. The distance between the bands is about 260 µm. However, the deformation overflow bands cannot be distinguished in optical micrographs. They might be induced more clearly because of the crack slip during the fatigue test. The surface cracks preferentially extend along them, and microcracks easily split in the local zone. The steps of crack propagation are observed, because cracks change lanes to the process traces sometimes through the discontinuous longitudinal microcracks. They were also investigated by Suh [27] . This means that the energy field of crack evolution depends on both the deformed crystal slip and the surface remodeling.
The detailed observations of fracture surface are shown in Figure 9 . The sliding lines of the slip of the α-phase can be seen on the white bands. Rapid surface slip is the mainly reason for crack propagation to TC4 alloy. In the crack extension area, the slip shows many quasi-cleavage planes. For the specimens without UNSM treatment, the dimples are shown as equal-axis ductile voids. However, they progressively grow smaller until annihilation to the edge at the fatigue rupture region after UNSM. The feature of dimples transforms to parabolic fossa and an oval toughening nest due to the dimensional change of grains. The micro-dimples near the edge are within the diameter of tens of nanometers distributed in the SPD layer. It is also deduced that nanocrystals are achieved by UNSM. The fatigue fracture of TC4 is transcrystalline plastic. The detailed observations of fracture surface are shown in Figure 9 . The sliding lines of the slip of the α-phase can be seen on the white bands. Rapid surface slip is the mainly reason for crack propagation to TC4 alloy. In the crack extension area, the slip shows many quasi-cleavage planes. For the specimens without UNSM treatment, the dimples are shown as equal-axis ductile voids. However, they progressively grow smaller until annihilation to the edge at the fatigue rupture region after UNSM. The feature of dimples transforms to parabolic fossa and an oval toughening nest due to the dimensional change of grains. The micro-dimples near the edge are within the diameter of tens of nanometers distributed in the SPD layer. It is also deduced that nanocrystals are achieved by UNSM. The fatigue fracture of TC4 is transcrystalline plastic. The detailed observations of fracture surface are shown in Figure 9 . The sliding lines of the slip of the α-phase can be seen on the white bands. Rapid surface slip is the mainly reason for crack propagation to TC4 alloy. In the crack extension area, the slip shows many quasi-cleavage planes. For the specimens without UNSM treatment, the dimples are shown as equal-axis ductile voids. However, they progressively grow smaller until annihilation to the edge at the fatigue rupture region after UNSM. The feature of dimples transforms to parabolic fossa and an oval toughening nest due to the dimensional change of grains. The micro-dimples near the edge are within the diameter of tens of nanometers distributed in the SPD layer. It is also deduced that nanocrystals are achieved by UNSM. The fatigue fracture of TC4 is transcrystalline plastic. The fish eye-type fracture surface is divided into three areas: inclusion area, facet area, and flat area. A first area is the inclusion in the center of a fish eye, which changes to a compress deformed α-phase to TC4 with UNSM instead. The second is the facet area with a rough surface, as shown in Figure 7c . The third area is the area with flat surface located around this facet area. The flat area is seen as a dark grey ellipse. The stress intensity factor, ∆K, which is relevant to these three different regions described above, can be calculated by Equations (1) and (2) [34] [35] [36] ,
(1)
where σ a is the nominal stress amplitude at the surface, σ at is the stress amplitude at the compress deformed α-phase, d is the diameter of the specimen, h is the depth of the compress deformed α-phase, and area is the area of each part. The results are plotted in Figure 10 . It is seen that the stress intensity factor calculated from the facet area ∆K facet was in the range of 8.3-10.0 MPa·m 1/2 . The plastic zone size r P at the crack tip under plain strain conditions can be calculated by Equation (3) for a model-I crack [36],
where µ is Poisson's ratio, and σ y is the yield strength. Therefore, the plastic zone (r P is about 7.34 µm) shall be a little bigger than the average diameter of primary α grains (Figure 2a ). This suggests that the slip of the deformed α phase induces the propagation of microcracks instead of intragranular platic expansion at the crack initiation zone. The fish eye-type fracture surface is divided into three areas: inclusion area, facet area, and flat area. A first area is the inclusion in the center of a fish eye, which changes to a compress deformed α-phase to TC4 with UNSM instead. The second is the facet area with a rough surface, as shown in Figure 7c . The third area is the area with flat surface located around this facet area. The flat area is seen as a dark grey ellipse. The stress intensity factor,  K, which is relevant to these three different regions described above, can be calculated by Equations (1) and (2) 
where σa is the nominal stress amplitude at the surface, σat is the stress amplitude at the compress deformed α-phase, d is the diameter of the specimen, h is the depth of the compress deformed α-phase, and area is the area of each part. The results are plotted in Figure 10 . It is seen that the stress intensity factor calculated from the facet area  Kfacet was in the range of 8. 
where μ is Poisson's ratio, and σy is the yield strength. Therefore, the plastic zone (rP is about 7.34 μm) shall be a little bigger than the average diameter of primary α grains (Figure 2a ). This suggests that the slip of the deformed α phase induces the propagation of microcracks instead of intragranular platic expansion at the crack initiation zone. 
Conclusions
The mechanical properties and fatigue fracture characteristics of TC4 subjected to UNSM were investigated, and the following results were obtained:
1.
UNSM technique improves the microhardness and the surface compressive residual stress of TC4. The ultrasonic surface impact helps to achieve a regular surface, almost without changing the surface roughness.
2.
The fatigue strengths of TC4 subjected with two different heat treatments are improved by 7% (to stress-relief annealing) and 11.7% (to solid solution-aging), respectively. 3.
After UNSM, fatigue cracks mainly initiate from the surface of the specimen before the fatigue life of 10 6 cycles, while they appear at the internal compress deformed α-phase at the zone between the SPD layer and the core after the fatigue life of 10 6 cycles. The shapes of crack cores are long and narrow because of the ultrasonic impacts on the surface. 4.
The dimples change from equal-axis ductile voids to be parabolic fossae and oval toughening nests due to the dimensional change of the grains.
5.
The stress intensity factor calculated from the facet area ∆K facet was in the range of 8.3-10.0 MPa·m 1/2 . The slip of the deformed α phase induces the propogation of microcracks. 6.
The energy field of crack evolution depends on both the deformed crystal slip and the surface remodeling.
